Glutamatergic neurons that express pre-proglucagon (PPG) and are immunopositive (+) for glucagon-like peptide-1 (i.e., GLP-1+ neurons) are located within the caudal nucleus of the solitary tract (cNTS) and medullary reticular formation in rats and mice. GLP-1 neurons give rise to an extensive central network in which GLP-1 receptor (GLP-1R) signaling suppresses food intake, attenuates rewarding, increases avoidance, and stimulates stress responses, partly via GLP-1R signaling within the cNTS. In mice, noradrenergic (A2) cNTS neurons express GLP-1R, whereas PPG neurons do not. In this study, confocal microscopy in rats confirmed that prolactin-releasing peptide (PrRP)+ A2 neurons are closely apposed by GLP-1+ axonal varicosities. Surprisingly, GLP-1+ appositions were also observed on dendrites of PPG/GLP-1+ neurons in both species, and electron microscopy in rats revealed that GLP-1+ boutons form asymmetric synaptic contacts with GLP-1+ dendrites. However, RNAscope confirmed that rat GLP-1 neurons do not express GLP-1R mRNA. Similarly, Ca 2+ imaging of somatic and dendritic responses in mouse ex vivo slices confirmed that PPG neurons do not respond directly to GLP-1, and a mouse crossbreeding strategy revealed that <1% of PPG neurons co-express GLP-1R. Collectively, these data suggest that GLP-1R signaling pathways modulate the activity of PrRP+ A2 neurons, and also reveal a local "feed-forward" synaptic network among GLP-1 neurons that apparently does not use GLP-1R signaling. This local GLP-1 network may instead use glutamatergic signaling to facilitate dynamic and potentially selective recruitment of GLP-1 neural populations that shape behavioral and physiological responses to internal and external challenges.
like behaviors (Lachey et al., 2005; Maniscalco & Rinaman, 2018; Rinaman, 1999a Rinaman, , 2010a Rinaman, , 2010b . These functions are achieved through an extensive GLP-1 axonal projection system targeting GLP-1 receptor (GLP-1R)-expressing neurons distributed throughout the forebrain, brainstem, and spinal cord Gu et al., 2013; Llewellyn-Smith et al., 2015; Merchenthaler et al., 1999; Rinaman, 2010; Trapp & Richards, 2013) . For example, GLP-1+ axon terminals synapse onto hypophysiotropic neurons within the paraventricular nucleus of the hypothalamus (Sarkar, Fekete, Legradi, & Lechan, 2003) , where GLP-1R is expressed , and hypothalamic GLP-1 activates the endocrine hypothalamic-pituitary-adrenal (HPA) stress axis in a GLP-1R-dependent manner (Kinzig et al., 2003) .
GLP-1R also is expressed within the cNTS in rats and mice Merchenthaler et al., 1999; Reiner et al., 2016) , where GLP-1 may act locally to mediate or support at least some of the behavioral and physiological effects attributed to central GLP-1 signaling pathways (Hayes, Bradley, & Grill, 2009; Hayes, Skibicka, & Grill, 2008; Richard et al., 2015; Skibicka, 2013) . Indeed, intra-NTS administration of GLP-1R agonists in rats reduces food intake and operant responding for food reward, and also reduces place preference conditioned by palatable food access (Hayes et al., 2011; Kanoski, Rupprecht, Fortin, De Jonghe, & Hayes, 2012) ; conversely, food intake is increased in rats after local NTS blockade of GLP-1Rs (Hayes et al., 2009 ). The local circuitry mediating these pharmacological effects is unclear. In mice genetically engineered to express yellow fluorescent protein (YFP) under control of the glucagon promoter, light microscopy revealed YFP+ fibers and varicosities (presumably arising from GLP-1 neurons) in close apposition with catecholaminergic NTS neurons, including those that comprise the A2 noradrenergic cell group (Llewellyn-Smith et al., 2013; Richard et al., 2015) . Further, at least a subset of catecholaminergic NTS neurons express mRNA for GLP-1R in mice . While similar localization studies have not been conducted in rats, central (i.c.v 
.) administration of a GLP-1R
antagonist reduced the ability of restraint stress to activate cFos expression by A2 neurons that co-express prolactin-releasing peptide (PrRP) (Maniscalco, Zheng, Gordon, & Rinaman, 2015) . Although central GLP-1R antagonism likely alters neural responses to stress across many brain regions, one potential explanation is that PrRP+ A2 neurons express GLP-1R and receive axonal input from GLP-1+ neurons in rats, which would be consistent with reports that a subset of catecholaminergic NTS neurons receive close appositions from the axons of PPG neurons and express GLP-1R in mice Llewellyn-Smith et al., 2013; Richard et al., 2015) .
Unlike catecholaminergic cNTS neurons, PPG neurons in mice do not express mRNA for GLP-1R (as determined by single-cell reverse transcription polymerase chain reaction (RT-PCR)), and whole-cell patch recording data indicate that PPG neurons do not respond to agonists (Hisadome, Reimann, Gribble, & Trapp, 2010) . However, as GLP-1 neurons are glutamatergic (Zheng, Stornetta, et al., 2014) , a lack of GLP-1R expression does not preclude the possibility that GLP-1 neurons are coupled via glutamatergic synapses. There is no published evidence regarding the presence or absence of GLP-1R mRNA expression by identified GLP-1 or noradrenergic/PrRP neurons in rats, and the ultrastructural features of GLP-1 neurons and their synaptic associations within the cNTS has not been reported in either rats or mice.
This study used light and confocal microscopy to examine potential anatomical interactions (1) between GLP-1+ and PrRP+ A2 neurons within the cNTS of adult male rats, and (2) between GLP-1+ profiles in rats and between PPG/YFP+ profiles in mice. Using electron microscopy, we further examined the ultrastructural features of GLP-1+ profiles within the rat cNTS. After synaptic contacts between GLP-1+ profiles were confirmed, we used RNAscope to examine whether cNTS noradrenergic/PrRP+, GABAergic, and/or GLP-1+ neurons express mRNA for GLP-1R in rats. Finally, we revisited the possibility that PPG neurons in mice express functional GLP-1R. For this purpose, Ca 2+ imaging was performed in ex vivo slices from Glu-Cre/ Rosa26-GCaMP3 mice to assess both somatic and dendritic responses of PPG neurons to GLP-1, and a new transgenic mouse crossbreeding strategy was used to investigate potential colocalization of fluorescent reporter genes identifying PPG-and GLP-1R-expressing neurons.
| MATERIALS AND METHODS

| Animals
| Rats
Adult male Sprague-Dawley rats weighing 250-350 g were used for the present report. Rats were pair-housed in a temperature-controlled (22-25 C) colony room with a 12:12 hr light-dark cycle (lights on at 0700). Food and water were available ad libitum. All experimental procedures using rats were conducted at the University of Pittsburgh or at Florida State University, conformed to NIH regulations detailed in the Guide for the Care and Use of Laboratory Animals, and were approved by the relevant Institutional Animal Care and Use Committees.
| Mice
Three transgenic strains of mice were used: (1) PPG-Cre/GCaMP3 mice expressing Cre recombinase (Cre) and the Ca 2+ indicator
GCaMP3 selectively in PPG/GLP-1 neurons, as previously reported (Holt, Llewellyn-Smith, Reimann, Gribble, & Trapp, 2017) ; (2) PPG-YFP mice expressing YFP selectively in PPG/GLP-1 neurons (Hisadome et al., 2010) ; (3) GLP-1R-Cre/tdRFP mice expressing tdRFP selectively in GLP-1R-bearing cells . For this study, PPG-YFP mice were crossed with GLP-1R-Cre/tdRFP mice to obtain mice with simultaneous expression of two different fluorescent reporter genes, one identifying PPG/GLP-1 neurons, and the other identifying GLP-1R-expressing neurons. Crosses were genotyped as described previously (citations above) for the individual transgenes, and only mice positive for all three transcripts (i.e., Cre, YFP, and tdRFP) were used in the immunofluorescence study.
| Immunocytochemical reagents
Glucagon-like peptide-1 was localized in rat tissue sections using a rabbit polyclonal antiserum and a mouse monoclonal antibody. The rabbit polyclonal (T-4363, Peninsula Laboratories, San Carlos, CA; RRID: AB_518978) was generated against a synthetic peptide corresponding to amino acids 7-37 of the human GLP-1 sequence. Specificity of this antiserum as applied to rat and human brain tissue has been documented , including an absence of immunolabeling after pre-absorbing the primary antiserum overnight at 4 C with a 10-fold higher concentration of synthetic GLP-1 (7-37) acetate salt (Bachem, Torrance, CA, USA, H-9560) before tissue incubation. The mouse monoclonal antibody was generated against Nterminal residues 7-19 of the human GLP1 peptide, and was provided by Dr. Guibao Gu (RRID: AB_2314562). Specificity of this antibody for GLP-1 has been documented (Gu et al., 2013) , including (in our laboratory) an absence of immunolabeling after pre-absorbing the primary antiserum overnight at 4 C with a 10-fold higher concentration of synthetic GLP-1 (7-37) acetate salt (Bachem, H-9560) before tissue incubation. Its selectivity also was tested against other cleavage products of the PPG gene, and was reported to weakly immunolabel GLP-2, which is expressed along with GLP-1 in the same neurons (Gu et al., 2013) . PrRP was localized using a rabbit polyclonal antiserum (H-008-52, Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA) raised against the synthetic 31 amino acid sequence of rat PrRP peptide.
Antibody specificity has been documented by the manufacturer and also within our laboratory, based on positive and specific immunolabeling of a subset of dopamine beta hydroxylase-positive noradrenergic neurons in the rat caudal brainstem (Maniscalco et al., 2015; Maniscalco, Kreisler, & Rinaman, 2013) , and fully consistent with the reported distribution of PrRP mRNA expression and immunolabeling in mice and rats (Ellacott, Lawrence, Rothwell, & Luckman, 2002; Lawrence, Celsi, Brennand, & Luckman, 2000 For light microscopic immunocytochemical localizations, rats (n = 4) were perfused with 300 mL of 0.1 M sodium phosphatebuffered saline (PBS) containing 4% paraformaldehyde (PF; SigmaAldrich, St. Louis, MO), 1.37% lysine and 0.22% sodium-meta-periodate (McLean & Nakane, 1974) . Fixed brains were removed from the skull, postfixed for 24 hr, and then transferred to 20% sucrose solution for at least 24 hr. Brains were blocked and then sectioned serially at 35 μm using a freezing stage sliding microtome (Leica SM2000 R; Leica Biosystems, Wetzlar, Germany). Sections were collected sequentially in six vials of cryopreservant solution (Watson, Wiegand, Clough, & Hoffman, 1986) such that each vial contained sections at a frequency of 210 μm throughout the caudal brainstem. Vials of tissue were stored at −20 C prior to immunocytochemical processing.
For transmission electron microscopic (TEM) analyses, one rat was perfused with 150 mL of 1.5% acrolein (Polysciences, Inc., Warrington, PA) and 2.0% PF in PBS followed by 100 mL of 2.0% PF in the same buffer. A second rat was perfused with 300 mL of a mixture of 2% PF and 0.5% TEM grade glutaraldehyde (Sigma-Aldrich) in 0.2 M sodium cacodylate buffer. Each brain was removed from the skull, blocked to separate the forebrain from the brainstem, and postfixed in 2.0% buffered PF for 6 hr at 4 C.
Rats used for RNAscope in situ hybridization (n = 4) were perfused with 100 mL physiological saline solution followed by 300 mL ice-cold 4% PF in 0.1 M sodium phosphate buffer (PB). Brains were removed from the skull, postfixed in the same fixative overnight at 4 C, incubated in 20% sucrose solution for 16-18 hr, and cut into six series of 25-μm thick sections using a freezing stage sliding microtome. Tissue sections were collected in cryopreservant solution and stored at −20 C until use.
| Mice
Adult mice (n = 5; three male, two female) generated by crossing PPG-YFP mice with GLP-1R-Cre/tdRFP mice were transcardially perfused with heparinized ice-cold PBS followed by 4% PF. Fixed brains were removed from the skull, postfixed in 4% PF overnight, and cryoprotected in 30% sucrose. Coronal brainstem sections (30 μm) were cut using a cryostat (Bright Instruments, Luton, Bedfordshire, UK).
| Light microscopic immunocytochemical localizations 2.4.1 | Immunoperoxidase labeling of rat tissue
Cryopreserved sections were brought to room temperature and washed in multiple changes of 10 mM sodium PB on a rocker table.
One vial of tissue sections from each brain was processed for immunoperoxidase localization of GLP-1 using the rabbit polyclonal GLP-1 antiserum. Sections were pretreated by incubation in 1.0% sodium borohydride followed by 0.15% hydrogen peroxide to increase antibody penetration and reduce nonspecific background. After PB rinsing, sections were then incubated in a 1:10 K dilution of the primary antibody in PB containing 0.3% Triton-X and 1% normal donkey serum for 24-48 hr at 4 C. Following multiple washes in PB the tissue was transferred to a 1:200 dilution of biotin-conjugated affinity purified donkey anti-rabbit secondary antibody and incubated for 2 hr at room temperature with agitation. Thereafter the sections were subjected to multiple PB washes prior to immunoperoxidase localization of GLP-1 using Vectastain reagents (Vector Laboratories, Burlingame, CA) and diaminobenzidine (DAB) catalyzed with hydrogen peroxide.
| Immunofluorescent labeling of rat tissue
Dual immunofluorescence localization of GLP-1 and PrRP in rat tissue sections was achieved using the mouse monoclonal GLP-1 antibody and the rabbit PrRP polyclonal antiserum. Sections were pretreated by incubation in 1.0% sodium borohydride to increase antibody penetration and reduce nonspecific background. Following PB washes the tissue was incubated in mouse anti-GLP-1 overnight at room temperature, followed by multiple washes in PB prior to and following a 3-hr room temperature incubation in affinity purified donkey anti-mouse secondary antibody conjugated to HRP. Sections were then incubated in Tyramide conjugated to CY5 or FITC for 10 min at room temperature. After GLP-1 labeling, sections were treated with 0.5% H2O2 for 15 min to remove residual peroxidase activity, followed by three 10-min rinses with PB. The immunofluorescence processing was then repeated using the rabbit polyclonal PrRP antiserum at a dilution of 1:5 K, affinity purified donkey anti-rabbit secondary antibody conjugated to HRP, and tyramide conjugated to CY3. Sections were mounted on gelatin-coated slides and coverslipped using Vectashield
Hard Set Mounting Medium (Vector Laboratories).
| Immunoperoxidase labeling of mouse tissue
Yellow fluorescent protein immunoperoxidase-labeled brainstem sections from six male and two female PPG-YFP mice were generated in previously published projects that focused on other research questions (Llewellyn-Smith et al., 2013; Llewellyn-Smith, Reimann, Gribble, & Trapp, 2011) . Thus, while no new immunoperoxidase-labeled mouse material was generated for this study, the cNTS-focused microscopic analysis of this material has not been previously reported.
Close appositions by PPG-YFP axons onto PPG-YFP dendrites were identified in sections labeled using chicken anti-GFP (Abcam; 1:20 K; AB_13970) and a Ni-intensified DAB reaction, as previously reported (Llewellyn-Smith et al., 2011 , 2013 . Close appositions by PPG-YFP axons onto PPG-YFP cell bodies were identified in sections labeled using the same chicken anti-GFP antibody diluted 1:400 K, followed by an imidazole-intensified DAB reaction.
| Immunofluorescent labeling of mouse tissue
Yellow fluorescent protein immunoreactivity was detected using chicken anti-GFP (1:500; Abcam). tdRFP expression was detected with an antibody raised against dsRed-Express (1:500; #632496, Takara Bio, Mountain View, CA, USA). Free-floating sections were incubated for 48 hr at 4 C with primary antibodies in blocking solution (PBS with 0.3% triton X-100, 1% BSA, 1% Normal Goat Serum, 1% Normal Donkey Serum) followed by incubation with Alexa Fluor 488-conjugated goat anti-chicken antibody (1:1,000; #A-11039, ThermoFisher Scientific) and/or Alexa Fluor 568-conjugated donkey antirabbit antibody (1:1,000; #A-10042, ThermoFisher Scientific) in blocking solution for 2 hr. Sections were subsequently mounted and coverslipped for microscopic analysis of fluorescent labeling.
| Electron microscopic immunoperoxidase localizations
The fixed caudal brainstem from each rat perfused for ultrastructural analysis was sectioned at 100 μm using a Vibratome 1000 Plus The last acetone wash was followed by sequential hour-long incubations of sections in 50, 70, and 95% Epon-Araldite plastic resin diluted with acetone followed by three consecutive hour-long incubations in 100% resin. Each section was then flat embedded in 100% resin between acrylic sheets, followed by resin polymerization in a 60 C oven.
2.6 | RNAscope in situ hybridization 2.6.1 | Co-localization of mRNA for GLP1R and PPG or GAD1 and incubated in Alexa 647-conjugated donkey anti-rabbit secondary antibody (1:600) for 2 hr. After PB rinsing, sections were allowed to dry, and then dehydrated/defatted and coverslipped using Cyroseal60 (VWR, Radnor, PA, USA).
2.7 | Microscopy data collection and analysis 2.7.1 | Light microscopy in rat tissue
The distribution and density of GLP-1+ cells and processes within the cNTS was characterized in rats using both immunoperoxidase-and immunofluorescence-labeled material. An Olympus BX51 photomicroscope equipped with a Hamamatsu camera (Hamamatsu Photonics, Hamamatsu, Japan) was used to collect brightfield and epifluorescence images, and a Leica TCS SP8 confocal microscope was used to collect optical slice images and z-stacks. Leica LAS 4.0 image collection software was used to generate maximum intensity z-projections and 3D maximum intensity projections (MIPs), and the 3D visualization module was used for rendering/reconstructing tissue volumes.
Region of interests (ROIs) from each 3D MIP were extracted to reveal details of associations between fluorescently labeled profiles. 
| Light microscopy in mouse tissue
| Electron microscopy in rat tissue
| RNAscope imaging
Low magnification images were acquired with a KEYENCE epifluorescent microscope (BZ-X700). Confocal images were acquired using a Leica TCS SP8 confocal microscope, 100× oil objective and 3× digital zoom. The Atto550 fluorophore (Rn-Glp1r) was excited using a 552 nm OPSL laser, and Atto647 (Rn-Gcg or Rn-GAD1) was excited using a 638 nm Diode laser Images were collected sequentially using Leica LAS 4.0 image collection software, and using the 3D Visualization module for rendering/reconstructing tissue volumes. A total of 21 0.28 μm-thick optical sections were collected to generate a maximum intensity z-projection and a 3D MIP. A ROI from the 3D MIP was optically sectioned and extracted to reveal details of the labeling profiles.
| Calcium imaging in ex vivo slices in mouse
Adult Glu-Cre/Rosa26-GCaMP3 mice (n = 3; one female, two males;
10-15 weeks old) were anesthetized with isoflurane and decapitated. Imaging was performed using a Zeiss Axioskop 2FS widefield microscope (Zeiss, Oberkochen, Germany) with a 40× water immersion lens. Slices were continuously superfused with 32 C standard ACSF at a flow rate of 3-4 mL/min. Recombinant human GLP-1 (7-37) was obtained from Peprotech (London, UK) and glutamate from Sigma-Aldrich (Gillingham, Dorset, UK). Stock solutions were made up in H 2 O and diluted at least 1,000× when added to the ACSF.
GCaMP3 was excited using an LED light source (CoolLED pE300white; QImaging) at 460 nm (AE25 nm) for 250 ms every 5 s.
Images were captured at 12-bit on a charge-coupled device camera (Q-Click; QImaging). Recordings were imported into FIJI image analysis software. XY-drift was adjusted for using the StackReg plugin.
ROIs and an area for determining background fluorescent intensity were outlined and the mean pixel intensity calculated for each ROI.
Background intensity was subtracted from each ROI and recordings were adjusted for bleaching using a cubic polynomial function. Fluorescence intensity data are presented as ΔF/F 0 with F 0 being the average fluorescence intensity 5 min prior to the first stimulus and ΔF being the fluorescence intensity, F, minus F 0 . "N" numbers indicate number of analyzed ROIs. Responses were quantified by calculating area under the curve for more than 5 min during the stimulus, starting at the beginning of the stimulus. Because they were found not to be normally distributed, summary data are presented as box plots with whiskers, with the median indicated and whiskers marking the 10th and 90th percentile, respectively. Statistical significance of differences was determined using nonparametric statistical testing as described in the legend of Figure 11 .
3 | RESULTS
| Light microscopy
Light microscopic analyses confirmed prior findings regarding the cau- 
| Ultrastructural findings
Electron microscopy was used to investigate the ultrastructural features of GLP-1+ profiles in the rat cNTS, including the apparent close appositions between GLP-1+ profiles. In electron micrographs, GLP-1+ profiles included oval neurons with a long axis of 10-15 μm, a short axis of 7-10 μm, and an organelle-filled cytoplasm that was typically concen- or containing pleomorphic 60 nm vesicles (not illustrated).
| RNAscope results
Dual in situ hybridization using RNAscope revealed both PPG and GLP-1R mRNA transcripts within the rat cNTS and medullary reticular formation (Figure 8 ). GLP1R mRNA transcripts also were present in additional regions of the caudal medulla, including the area postrema, inferior olive, midline raphe nuclei, and around the central canal.
Within the cNTS, GLP1R mRNA transcripts were sometimes present within the vicinity of PPG mRNA transcripts, but generally were not located in close proximity. In a few cases, however, scattered GLP1R mRNA transcripts appeared to overlap with PPG mRNA transcripts (Figure 8a) . In those cases, closer inspection using high-magnification confocal microscopy and rotation of 3D projection images failed to demonstrate intracellular colocalization of GLP-1R and PPG mRNA transcripts ( Figure 8b ). Conversely, GLP1R mRNA was localized within some GABAergic neurons (i.e., expressing GAD1 mRNA) within the cNTS and adjacent reticular formation (Figure 8c ), whereas other GABAergic neurons did not co-express GLP1R mRNA (Figure 8d ).
When RNAscope localization of GLP-1R mRNA was combined with immunofluorescent localization of PrRP, confocal microscopy revealed that GLP-1R mRNA transcripts were co-localized within a subset of PrRP+ noradrenergic A2 neurons (Figure 9 ). 
| Transgenic mouse cross-breeding strategy
| Ca 2+ imaging
The response of identified PPG neurons to bath application of GLP-1 and glutamate was investigated in ex vivo slices through the caudal medulla in Glu-Cre/Rosa26-GCaMP3 mice (n = 3 mice; Figure 11 ). When slices were exposed to 100 nM GLP-1 for 3 min, none of the identified PPG neurons (0 out of 27) exhibited an intracellular Ca 2+ response, whereas all 27 neurons responded to 100 μM glutamate (Figure 11d ). This was also the case for the readily visible dendrites of PPG neurons; no intracellular Ca 2+ response was observed on application of GLP-1, but all sampled dendrites responded to 100 μM glutamate (n = 23 dendrites; Figure 11e ). Hindbrain GLP-1 neurons and PrRP+ A2 neurons are robustly activated in rats after exposure to visceral or cognitive stressors, and published evidence supports the view that both neural populations contribute to the central control of stress responsiveness and motivated behavior via widespread axonal projections that reach multiple CNS regions implicated in these processes (Banihashemi & Rinaman, 2006; Bechtold & Luckman, 2006; Ellacott et al., 2002; Gu et al., 2013; Holt & Trapp, 2016; Kreisler, Davis, & Rinaman, 2014; Larsen et al., 1997; Lawrence et al., 2000; Lawrence, Liu, Stock, & Luckman, 2004; Llewellyn-Smith et al., 2013; Maniscalco et al., 2013 Maniscalco et al., , 2015 Maniscalco & Rinaman, 2018; Myers & Rinaman, 2002; Rinaman, 1999b Rinaman, , 2003 Rinaman, , 2010 Zheng & Rinaman, 2013) . features of these GLP-1-to-GLP-1 synaptic contacts within the caudal NTS is consistent with evidence that GLP-1 neurons are glutamatergic, and provide asymmetric synaptic inputs to neural targets within the rat hypothalamus (Sarkar et al., 2003; .
The presence or absence of synaptic contacts between GLP-1 neurons in mice has not been previously reported. Instead, in an earlier electrophysiological study using perforated patch recordings in ex vivo slices from PPG-YFP mice, no GLP-1R-mediated effects were observed on the resting membrane potential, membrane resistance, or firing frequency of identified PPG neurons and no GLP-1R mRNA was detected in single cell RT-PCR analysis (Hisadome et al., 2010 (Holt et al., 2017) .
The observed absence of GLP-1-induced changes in somatic or dendritic intracellular Ca 2+ is consistent with the earlier electrophysiological reports and also with our inability to detect mRNA for GLP-1 in those cells Hisadome et al., 2010) . Conversely, some catecholaminergic (i.e., TH+) cNTS neurons do express GLP-1R in mice , consistent with new evidence (discussed below) that noradrenergic PrRP+ neurons in rats express mRNA for GLP-1R. that study (Maniscalco et al., 2015) , consistent with the current report demonstrating a lack of GLP-1R mRNA expression by GLP-1 neurons in rats, or by PPG neurons in mice.
GLP-1R is expressed by
Glutamatergic and GLP-1R signaling mechanisms interact in many brain regions (Gilman et al., 2003; Liu et al., 2017; Mietlicki-Baase et al., 2013 , and GLP-1R signaling may modify excitatory synaptic transmission via cellular mechanisms involved in long-term synaptic plasticity . Quantitative results from retrograde neural tracing studies indicate that somewhere between 30 and 50% of GLP-1/PPG neurons within the cNTS project to the ventral tegmental area, nucleus accumbens (Alhadeff, Rupprecht, & Hayes, 2012; Dossat, Lilly, Kay, & Williams, 2011) , medial hypothalamus (Vrang, Hansen, Larsen, & Tang-Christensen, 2007) , paraventricular thalamic nucleus (Ong, Liu, Pang, & Grill, 2017) , and/or spinal cord (Llewellyn-Smith et al., 2015) .
Given the large number of CNS regions receiving axonal input from this relatively small population of hindbrain neurons (Gu et al., 2013) 
